The ndh genes encoding for the subunits of NAD(P)H dehydrogenase complex represent the largest family of plastid genes without a clearly defined function. Tobacco (Nicotiana tabacum) plastid transformants were produced in which the ndhB gene was inactivated by replacing it with a mutant version possessing translational stops in the coding region. Western-blot analysis indicated that no functional NAD(P)H dehydrogenase complex can be assembled in the plastid transformants. Chlorophyll fluorescence measurements showed that dark reduction of the plastoquinone pool by stromal reductants was impaired in ndhB-inactivated plants. Both the phenotype and photosynthetic performance of the plastid transformants was completely normal under favorable conditions. However, an enhanced growth retardation of ndhB-inactivated plants was revealed under humidity stress conditions causing a moderate decline in photosynthesis via stomatal closure. This distinctive phenotype was mimicked under normal humidity by spraying plants with abscisic acid. Measurements of CO 2 fixation demonstrated an enhanced decline in photosynthesis in the mutant plants under humidity stress, which could be restored to wild-type levels by elevating the external CO 2 concentration. These results suggest that the plastid NAD(P)H:plastoquinone oxidoreductase in tobacco performs a significant physiological role by facilitating photosynthesis at moderate CO 2 limitation.
Comparative analyses of the completely sequenced plastid genomes of such taxonomically distant plant species as liverwort (Ohyama et al., 1986) , tobacco (Nicotiana tabacum; Shinozaki et al., 1986) , and rice (Hiratsuka et al., 1989) has revealed a set of genes showing a surprising homology to subunits of the mitochondrial NADH dehydrogenase complex. This set of ndh genes proved to contain at least 11 members (Fearnley et al., 1989; Videira et al., 1990; Dupuis et al., 1991; Masui et al., 1991; Pilkington et al., 1991; Arizmendi et al., 1992) , which are represented in all vascular plant divisions (Meng et al., 1986; Maier et al., 1995; Neyland and Urbatsch, 1996) . The deduced amino acid sequence of the subunits of this plastid NAD(P)H dehydrogenase (NDH) complex shows significant homology with that of the corresponding subunits of the bacterial proton-pumping NADH: ubiquinone oxidoreductase and with the appropriate subunits of mammalian, fungal, and plant mitochondrial complex I (Fearnley and Walker, 1992; Weidner et al., 1993; Rasmusson et al., 1998) . Subunits forming the highly conserved NADH-binding unit of complex I are apparently absent in the plastid NDH complex (Friedrich et al., 1995) . However, this module might correspond to the additional, still uncharacterized (and presumably nuclear-encoded) subunits detected in the plastid NDH complex by biochemical methods (Quiles and Cuello, 1998; Sazanov et al., 1998b) .
Plastid ndh genes are transcribed (Matsubayashi et al., 1987; Kanno and Hirai, 1993) , the mRNAs are edited (Freyer et al., 1995; Maier et al., 1995) , and the protein products of these genes are located in the stromal thylakoid membranes (Nixon et al., 1989; Berger et al., 1993; Kubicki et al., 1996) . Expression of the various genes under different developmental and environmental conditions has been studied primarily in monocotyledonous plants (Kubicki et al., 1996; Martín et al., 1996; Catalá et al., 1997; Fischer et al., 1997) . On the basis of western-blot analyses these investigators suggested that NDH proteins are primarily expressed in tissues of limited photosynthetic capacity. However, the expres-sion of the ndhD gene in tobacco, measured as the extent of RNA editing creating the start codon, was restricted to chloroplasts and was highest in young, illuminated, photosynthetically active leaves (Hirose and Sugiura, 1997) . Light activation of the thylakoidal NDH activity has also been recently demonstrated (Teicher and Scheller, 1998) .
The longstanding question of the function of this putative NAD(P)H:plastoquinone (PQ) oxidoreductase in plastids has recently been tackled by targeted inactivation of several of the plastid-encoded ndh genes (ndhA, B, C, H, I, J, and K) in tobacco (Burrows et al., 1998; Kofer et al., 1998; Shikanai et al., 1998) . A common feature of these NDH-inactivated plastid transformant plants is the absence of a transient increase in postillumination chlorophyll fluorescence, the presence of which is interpreted as a dark reduction of the PQ pool (Groom et al., 1993; Feild et al., 1998) . On the basis of these results it was concluded that the NDH complex is functional in tobacco chloroplasts, mediating donation of electrons from a stromal reductant to the PQ pool in the dark (Burrows et al., 1998; Endo et al., 1998; Kofer et al., 1998; Sazanov et al., 1998a; Shikanai et al., 1998) . These plastid transformant plants showed the normal characteristics of steady-state photosynthesis and, although water stress seemed to delay non-photochemical fluorescence quenching during induction of photosynthesis in certain mutants (Burrows et al., 1998) , no NDH-specific phenotype was observed under normal or various stress conditions (Burrows et al., 1998; Sazanov et al., 1998a; Shikanai et al., 1998) . In one laboratory the primary regenerants showed various abnormalities but neither linkage with the inactivated ndh genes nor cytoplasmic inheritance of these traits was demonstrated . Therefore, the role of the NDH complex in the light reactions of photosynthesis and its physiological role in higher plants has remained hypothetical, and the various controversial conclusions are a matter of extensive discussion Maliga and Nixon, 1998; Nixon and Maliga 1999; Roldán, 1999) .
In the present study we have produced tobacco plastid transformants in which the ndhB gene was translationally inactivated. Preliminary data obtained on chlorophyll fluorescence transients under illumination showed marked differences between ndhB-inactivated and wild-type plants under anaerobic conditions (Cournac et al., 1998; Joët et al., 1998) . Whereas this observation demonstrated the functioning of NDH complex during photosynthesis, since it was based on anaerobic conditions lacking both CO 2 and O 2 , it was difficult to predict what natural physiological conditions might reveal a role for NDH. We show that under conditions that do not block but moderately inhibit photosynthesis by CO 2 limitation, the lack of NDH activity results in an enhanced growth retardation of ndhB-inactivated tobacco plants in comparison with the wild type.
RESULTS

Targeted Inactivation of the Plastid ndhB
Gene in Tobacco
The ndhB is the only gene of the plastid ndh family located in the inverted repeat (IR A and IR B ) region of the tobacco plastid genome (Shinozaki et al., 1986) and is most probably a part of the rps12(3Ј)-rps7-ndhB-trnL transcription unit (Matsubayashi et al., 1987; Kanno and Hirai, 1993) . Inactivation of ndhB was accomplished by creating translational stop codons in the coding region of the gene. The pSSH1 plastid transformation plasmid contains a nightshade (Solanum nigrum L.) plastid DNA fragment and possesses mutations conferring spectinomycin and streptomycin insensitivity (Kavanagh et al., 1994 (Kavanagh et al., , 1999 . In the 7.8-kb inverted repeat region covered by the insert there is a 2.4% nucleotide sequence divergence between tobacco and nightshade plastid DNA (Kavanagh et al., 1999) . The insert spans the first 732 nucleotides of ndhB (Wakasugi et al., 1998) , which are identical in tobacco and nightshade. A single C was introduced into codon 206 of ndhB by oligonucleotide-directed mutagenesis of the plasmid in a region of the gene showing no editing site in tobacco (Freyer et al., 1995) . This additional nucleotide generated a SmaI site and, in addition to a frame shift, stop codons (Fig. 1) .
The mutant plasmid (pSSH1M) was introduced into tobacco protoplasts by polyethylene glycol treatment (O'Neill et al., 1993) . Putative plastid transformant colonies were selected on the basis of their green color in a medium containing spectinomycin. The distinction between transformed and non-transformed tobacco plastids was facilitated, in addition to their insensitivity to streptomycin, by diagnostic RFLP differences in respect of the restriction enzymes SmaI, BamHI, XhoI, Figure 1 . Translational inactivation of the ndhB gene in the pSSH1 plastid transformation plasmid. The pSSH1 plasmid insert spans the first 732 bp of the ndhB gene. An additional C-G bp was introduced into codon 206 of ndhB by oligonucleotide-directed mutagenesis. The resulting plasmid was called pSSH1M. This additional nucleotide generated a diagnostic SmaI site and, in addition to a frame shift, all three stop codons (only two of which are shown). A 300-bp portion of the ndhB coding region (identical in tobacco and nightshade) adjacent to the HindIII cloning site is shown as it appears in IR A (5Ј-3Ј direction, strand A), from position 143,798 in the tobacco plastid genome. Selected restriction enzyme sites are also shown.
and AatII (Kavanagh et al., 1999) . The selected lines comprised only 20% spontaneous spectinomycinresistant mutants. On average one plastid transformant callus was selected in 10 4 viable colonies (or in 10 5 protoplasts treated). Each primary regenerant and its seed progeny was completely homoplasmic for the resistance markers. The polymorphic DNA regions (revealed as RFLPs between the donor and the recipient plastid DNA) were shown to be homoplasmic in all but one of the transformants demonstrating complete intraorganellar plastid DNA segregation after transformation (for representative SmaI patterns, see Fig. 3 ). A compilation of the RFLP and genetic markers in all of the 18 transformants revealed a highfrequency co-integration of the non-selected markers (Fig. 2) . Nevertheless, the integration of the homeologous nightshade plastid DNA was mediated by multiple recombination events (Fig. 2) . A schematic interpretation of the postulated recombination events following transformation of tobacco plastids with the pSSH1M plasmid in the individual transformants has been published elsewhere (Kavanagh et al., 1999) . Because of the remarkably high recombination frequency in the 113-bp homologous peripheral region located between the SmaI site and the pUC19 vector (Fig. 2) , one-half of the plastid transformants possessed the mutated (and putatively inactivated) ndhB gene.
Molecular and Biochemical Analysis of the Inactivation of the NDH Complex
Homoplasmy of selected transformants for the mutation inactivating the ndhB gene was also verified by Southern hybridization and PCR analysis. Probing of SmaI-digested plastid DNA by a plastid DNA probe covering the diagnostic SmaI site revealed both the site-specificity and homoplasmy of the introduced mutation (Fig. 3) . This was further verified by SmaI digestion of PCR products generated using isolated plastid DNA as template and primers flanking the diagnostic SmaI site on the plastid genome (Fig. 4) . In the subsequent investigations, unless stated otherwise, both wild-type tobacco and a double-resistant tobacco plastid transformant (possessing the full nightshade insert of the original pSSH1 plasmid) were used as controls. Furthermore, in most of the investigations two types of ndhB-inactivated transformant were used: number 1.2 was resistant to both streptomycin and spectinomycin, whereas number 3.3 contained only the spectinomycin-insensitivity mutation.
The fate of the NDH complex in the ndhB-inactivated plants was investigated by protein analysis. Fractioned chloroplast protein extracts were analyzed by PAGE and Coomassie Blue staining. No obvious difference was observed between the protein patterns of control (noninactivated transformant) and ndhB Ϫ plants (Fig. 5) . As has been previously demonstrated (Burrows et al., 1998; Sazanov et al., 1998b) the NDH complex has a very low abundance in the thylakoid membrane. Attempts to produce a recombinant NDH-B polypeptide were not successful probably due to the high overall hydrophobicity of the NDH-B protein (Fearnley and Walker, 1992) . Therefore, antibodies raised against NDH-H were used for western-blot analysis of chloroplast proteins. Immunostaining with the NDH-H antiserum confirmed the localization of NDH pro- Figure 2 . Distribution of co-integration and recombination frequencies in the targeted region following transformation of tobacco plastids with the pSSH1M plasmid. The 7.8-kb donor insert of the pSSH1M plasmid is shown at the top of the figure. Arrows mark the location of the specific resistance and RFLP sites scored (brackets indicate the absence of the wild-type restriction enzyme site). Asterisks mark intron-containing genes. At the lower part of the figure the line is sectioned to show the major intervals between the donor-type marker sites investigated in the plastid transformants. The frequency of co-integration (int.) of the individual non-selected markers with the selected spectinomycin resistance locus is shown above the line. A 100% value represents the total number of spectinomycin-resistant transformants possessing a donor marker. The observed recombination frequency (rec.) in the individual internal sections, calculated as a percentage of the transformants recombined in the particular interval, is shown below the line. A 100% value represents the total number of transformants possessing a recombination event.
teins in the stroma lamellae of thylakoid membranes (Nixon et al., 1989; Berger et al., 1993; Kubicki et al., 1996) in control plants (Fig. 5) . However, the western-blot analysis detected no NDH-H protein in the ndhB Ϫ plastid transformant investigated ( Fig. 5 ), indicating that no functional NDH complex can be assembled. This conclusion is supported by similar observations in other tobacco plastid transformants where the inactivation of one of the ndh genes resulted in disappearance of the other NDH subunits investigated, even if they were encoded by separate transcription units (Burrows et al., 1998; Kofer et al., 1998) .
Growth and Photosynthetic Performance of the NDHInactivated Transformants under Normal Conditions
Plastid transformants with a wild-type or an inactivated ndhB gene showed no visible NDH-specific phenotype under standard growth conditions either when cultured in vitro (autotrophically or on sugarcontaining medium) or grown in soil in the greenhouse. Several of the primary regenerants showed morphological abnormalities (e.g. slow growth, distorted leaves, and poor pollen production) typical of chromosomal aneuploidy detected regularly in a certain percentage of tobacco plants regenerated from cell culture (Thanh et al., 1988) . These morphological deviations did not show maternal inheritance and were not observed in the progeny obtained after pollination with wild-type tobacco. Transformant plants derived from three crosses with wild-type tobacco were analyzed in detail. No developmental deviation was observed in ndhB Ϫ plants compared with wild type from seed germination to seed set, including aging.
Measurements of photosynthetic CO 2 fixation or O 2 evolution in plants grown either in vitro or in soil showed no significant difference in steady-state photosynthetic rates between controls and ndhB Ϫ mutants. The in vivo light dependence curves of photosynthetic oxygen evolution were similar in control and ndhB Ϫ plants, indicating that neither the maximum efficiency nor the light-saturated capacity were affected in intact leaves under normal conditions (data not shown). Chlorophyll fluorescence measurements performed during dark-light-dark transitions indicated no difference in photochemical and non-photochemical quenching processes between control and ndhB Ϫ plants (Cournac et al., 1998) . In these fluorescence measurements, following light extinction, a transitory and slow increase in the fluorescence level, before reaching the F 0 level, was observed in control plants. This phenomenon, generally ascribed to the dark reduction of the PQ pool by stromal reductants like NADPH or NADH (Groom et al., 1993) , was not observed in ndhB Ϫ transformants (Cournac et al., 1998) , indicating that stromal reductants in the dark do not reduce the PQ pool in the absence of the ndhB gene product. This impaired non-photochemical PQ reduction is apparently a standard feature of ndh gene-inactivated mutants (Burrows et al., 1998; Kofer et al., 1998; Shikanai et al., 1998) and is the primary basis for the conclusion that the NDH complex is functional in chloroplasts (see the introduction). However the absence of any obvious phenotype in our ndhB Ϫ mutants, as was reported for other ndhB Ϫ mutants (Shikanai et al., 1998) , supports the conclusion that under favorable growth conditions NDH function is dispensable. All these data prompted an extensive DNA is also shown (fragment sizes: 23.13, 9.42, 6.56, 4.36, 2.32, and 2.03 kb). Southern hybridization with a plastid DNA probe spanning the region containing the diagnostic restriction site in the 11.13-kb SmaI fragment number 4 reveals both the site-specificity and homoplasmy of the introduced mutation.
search for potential NDH function-specific stress conditions.
A Decrease in Air Humidity Generates a Discriminating Phenotype in NDH-Inactivated Transformants
We have investigated the effect of various stress conditions that have been proposed to stimulate cyclic electron transport activity (Heber and Walker, 1992; Fork and Herbert, 1993) . The effect of a moderately long light stress (5 h, 700 mol m Ϫ2 s Ϫ1 ) on light dependence curves of photosynthetic O 2 evolution were measured in in vitro-grown ndhBinactivated and noninactivated transformants. Neither the maximum efficiency nor the light-saturated capacity of photosynthetic O 2 evolution were differentially affected in intact leaves (data not shown). The effect of light stress on soil-grown plants was investigated in growth chambers. No significant difference was observed in photosynthesis performance (measured as whole-plant CO 2 fixation) of ndhBinactivated and noninactivated transformants grown under an illumination of 1,200 mol m Ϫ2 s Ϫ1 (16-h day) for 2 weeks (data not shown).
The effect of water stress (by severely limiting or withholding water) was also investigated on control and ndhB Ϫ plants grown under normal phytotron conditions. Under such stress conditions both types of plants showed a similarly strong (gradual or immediate) inhibition of vegetative development, in addition to a similar degree of wilting, yellowing, and withering of the older leaves. However, natural drought typically involves not only a soil water deficiency but also a dry atmosphere. Therefore, in another experiment we investigated the effect of low air humidity (30 relative %) on well-watered plants in a growth chamber. A few days of growth under these conditions surprisingly resulted in a remarkable growth difference between wild-type and ndhB Ϫ plants (for a representative pair of plants, see Fig. 6 ). After a 5-d-long growth period in low air humidity both fresh and dry weights of ndhB Ϫ plants (19.04 Ϯ 2.05 and 1.38 Ϯ 0.10 g, respectively) were almost 20% lower than those of wild-type plants (22.83 Ϯ 1.16 and 1.70 Ϯ 0.03 g, respectively). The enhanced growth retardation of ndhB Ϫ plants was visible primarily as a reduced growth of the young, expanding leaves (Fig. 6) . No other phenotypic difference between the mutant and wild-type plants was detected in this experiment. The increased sensitivity to air humidity of mutants with a non-functional NDH Figure 4 . Homoplasmy of the plastid DNA population in the ndhBinactivated transformants. Gel electrophoresis of SmaI-digested PCR product of wild-type tobacco (a), two ndhB-inactivated transformants (b and c), and a noninactivated transformant (d). The priming sites were located to cover the 5Ј end of ndhB and flank the diagnostic SmaI site. The primer located inside the ndhB gene is outside the targeted plastid DNA region. The primers amplify a product of 966 bp, which is cut into 814-and 152-bp fragments by SmaI if the mutation introduced into ndhB is present. On the left a 100-bp DNA ladder is also shown (fragment sizes: 1,500 and 1,000-100 bp). The complete and correct cleavage of the PCR product in the ndhBinactivated transformants reveals both the homoplasmy and sitespecificity of the introduced mutation. complex prompted an analysis of gas exchange under humidity stress.
Enhanced Reduction of Photosynthesis under Conditions Generating Moderate Stomatal Closure in NDH-Inactivated Transformants
Measurement of total CO 2 exchange by intact soilgrown plants was recorded continuously in computercontrolled growth chambers. The vigorous development of young wild-type tobacco plantlets in normal air humidity (60 relative %) was manifested as a steady day-by-day increase in the levels of wholeplant CO 2 fixation, whereas under conditions of low air humidity (30 relative %) photosynthetic development was considerably delayed (data not shown). Under normal growth conditions both wild-type and ndhB Ϫ plants displayed similar photosynthetic activity. In contrast, after a transition to low air humidity ndhB Ϫ plants showed a reduced photosynthesis that was up to 20% lower than that of wild-type plants (Fig. 7) . These results indicated a primary role of humidity stress in triggering the cascade of events leading to a differential decline in photosynthesis and, concomitantly, growth. Therefore, the direct role of stomatal closure in generating the mutant-specific phenotype was investigated. Stomatal closure was induced in well-watered plants grown in normal air humidity by spraying with abscisic acid (ABA). A moderate treatment (spraying with a 10-m ABA solution every 2nd d) resulted in a clearly visible growth difference between wild-type and mutant plants under normal phytotron conditions (Fig. 8) . After a 2-week-long ABA treatment both fresh and dry Figure 6 . Enhanced growth delay of the ndhB Ϫ plastid transformants under humidity stress. Well-watered wild-type (left) and ndhB Ϫ (right) plants were grown in low air humidity (30% and 40% relative humidity during the day and the night, respectively), following a month of growth under normal conditions (60% relative humidity). A visible growth difference was developed in less than a week under humidity stress. The development of freshly expanding leaves was specifically hindered in ndhB Ϫ plants. Figure 7 . Differential reduction in photosynthesis of wild-type and NDH-inactivated plants grown in low air humidity. Photosynthesis and evapotranspiration of 5-week-old wild-type and ndhB Ϫ plants are shown in normal (60 relative %) and low (30 relative %) air humidity on the day preceding and following the humidity transition, respectively. The whole-plant photosynthesis and evapotranspiration values recorded in one experiment were the sum of four to eight plants of the same type grown in one computer-controlled growth chamber recording CO 2 consumption and water vapor condensation. On the left net photosynthesis calculated for one plant is displayed as the mean Ϯ SD of four independent experiments. On the right evapotranspiration calculated for one plant is displayed as the mean Ϯ SD of four independent experiments. Asterisk indicates significant differences from controls (P Ͻ 0.05). Low air humidity generated a difference in photosynthesis of ndhB Ϫ and wild-type plants, demonstrating an enhanced sensitivity of the ndhB Ϫ transformants to humidity stress. Evapotranspiration of ndhB Ϫ and wild-type plants showed a similar response, indicating that their stomata responded non-differentially to low air humidity. weights of ndhB Ϫ plants (18.40 Ϯ 1.20 and 0.93 Ϯ 0.11 g, respectively) were almost 25% lower than those of wild-type plants (23.84 Ϯ 3.60 and 1.25 Ϯ 0.27 g, respectively). Similar to the effect of humidity stress, the differential phenotype appeared primarily as a reduced growth of the young, expanding leaves of ndhB Ϫ plants (Fig. 8) . It was notable that a strong ABA treatment (daily spraying with 20 m ABA) resulted in a strong but non-differential growth inhibition of both wild-type and mutant plants, similar to that caused by water stress (data not shown). These results suggested that a moderate increase in stomatal resistance is an important intermediary in the process leading to a decline in photosynthesis in low air humidity. Therefore, we measured stomatal conductance changes occurring during the transition from high (75 relative %) to low (30 relative %) air humidity on the basis of gas exchange measurements on attached leaves. These investigations demonstrated a moderate and similar decline ). In line with these results whole-plant evapotranspiration rates of ndhB Ϫ and wild-type plants measured in growth chambers showed a similar increase after a transition to low air humidity (Fig. 7) . We have concluded from these observations that reduced CO 2 availability, due to the (non-differential) stomatal response to low air humidity, is the principle factor generating the mutant-specific phenotype.
Our conclusion that a decline in internal CO 2 concentration is the key element in the cascade of events leading to the differential inhibition of photosynthesis was further investigated by photosynthesis measurements on plants simultaneously grown in low air humidity and elevated external CO 2 concentration. Low air humidity triggered a greater decrease in the photosynthetic capacity of ndhB Ϫ plants in comparison with that of wild-type plants. However, increasing the ambient CO 2 level to 0.5% resulted in the disappearance of the difference in photosynthesis levels while markedly increasing overall levels in both types of plant (Fig. 9) . When the ambient CO 2 concentration was returned to normal, the differential effect of low air humidity on photosynthesis levels re-appeared. The above data strongly support the view that the differential effect of low air humidity on NDH-inactivated plants is implemented by a differential sensitivity of photosynthesis to limiting CO 2 availability. Our observations also demonstrate that the lack of a functional NDH complex is primarily manifested at a level of CO 2 limitation that does not strongly inhibit the growth and photosynthetic development of wild-type plants.
DISCUSSION
The low abundance of the chloroplast NDH complex (Burrows et al., 1998; Sazanov et al., 1998b) has hampered investigations into its molecular and physiological role. However, the recent application of plastid transformation techniques, which permit targeted inactivation of individual ndh genes, has greatly facilitated these investigations (see the introduction). In these experiments insertional mutagenesis or deletion of the gene was achieved via site-specific integration of a dominant selectable marker gene (Burrows et al., 1998; Kofer et al., 1998; Shikanai et al., 1998) . Our experiments demonstrate that the ndhB gene can also be efficiently inactivated using a different strategy: translational inactivation by replacement of the wildtype plastid ndhB gene with a frame-shifted mutant produced by site-directed mutagenesis. In this approach a single nucleotide change was introduced into a cloned copy of the ndhB gene, which was located on the same DNA fragment several kilobase pair distant from a binding-type antibiotic insensitivity mutation in the rrn16 gene. The latter gene was then used to select for plastid transformants in which both mutant genes had replaced their wild-type counterparts on the plastid genome. In our experiments the mutated ndhB gene was located close to the end of the trans- Figure 9 . Elevated external CO 2 concentration complements the differential photosynthesis reduction generated by humidity stress. Five-week-old wild-type and ndhB Ϫ plantlets were grown under normal conditions in computer-controlled growth chambers recording CO 2 exchange. The effect of humidity stress (caused by decreasing the relative air humidity from 60% to 30%) and the additional effect of elevated CO 2 concentration (from ambient to 0.5%) was tested. Whole-plant photosynthesis in one chamber during illumination was recorded as the CO 2 consumption of six plants of the same type. Relative photosynthesis values are displayed on the y axis. For ease of comparison, photosynthesis of wild-type plants was taken to be 100%. The mean wild-type absolute photosynthesis values (from left to right) were the following: 15.55, 18.06, 54.26, and 31.51 mL Ϫ1 h Ϫ1 plant Ϫ1 . The relative decrease in whole-plant photosynthesis in NDH-inactivated plants was fully compensated during the transitory elevation of the CO 2 level. This result pinpoints limitation of CO 2 availability as a direct cause of the differential reduction in photosynthesis in wild-type and ndhB Ϫ transformant plants under humidity stress conditions. Targeted Inactivation of the Plastid ndhB Gene forming DNA (0.1 kb from the junction with vector DNA) and at a distance of 5 kb from the spectinomycin insensitivity mutation used for selection purposes. Nevertheless, in 50% of the transformants the unselected mutation was co-integrated with the selectable marker and yielded a homozygous population of ndhBinactivated plastid DNA, indicating high local recombination frequencies near the vector-insert junction. In homeologous plastid transformation experiments in Nicotiana sp. this phenomenon routinely results in recombination/integration frequencies up to 10 times higher than expected at the ends of the plastid DNA insert (Kavanagh et al., 1999 ). An additional remarkable observation was that our experiments revealed transformation efficiencies typical of those found in homologous plastid DNA transformations (Golds et al., 1993; O'Neill et al., 1993) , despite the 2.4% nucleotide sequence divergence between tobacco and nightshade plastid DNA in the transformed region. This observation indicates the prevalence of a RecA-type homeologous recombination mechanism in higher plant plastids (for discussion, see Kavanagh et al., 1999) and suggests that plastid transformation vectors directed to this region do not need to be species specific, at least for species that show a similarly low degree of nucleotide sequence divergence.
The absence of any obvious specific phenotype in the ndhB-inactivated transformants when grown under favorable conditions supports earlier conclusions concerning the dispensability of NDH function (Burrows et al., 1998; Shikanai et al., 1998) . In other experiments various abnormalities of ndh-inactivated primary regenerants were detected , but since their linkage with the inactivated gene was not demonstrated, tissue culture effects cannot be excluded as a plausible explanation of the morphological deviations (Maliga and Nixon, 1998) . We have shown that under conditions where air humidity is decreased or when plants are sprayed with ABA, photosynthesis is more significantly reduced in ndhB-inactivated transformants than in wild-type plants, and this effect on photosynthesis causes a corresponding reduction in biomass. This phenotypic difference was suppressed when ambient CO 2 concentration was increased, thus showing that it is likely mediated by stomatal closure triggered either by low air humidity or by ABA treatment (Downton et al., 1988; Robinson et al., 1988; Willmer and Fricker, 1996) . Since no differences in transpiration rates were observed in either whole plants or leaves of controls and ndhB Ϫ mutants in response to changes in air humidity, we conclude that stomatal regulation was not affected in the mutant plants. Therefore, low internal CO 2 concentration resulting from partial stomatal closure is likely responsible for the observed phenotypic difference. In previous investigations ndh Ϫ mutants have been reported to display a reduced non-photochemical quenching of fluorescence during photosynthesis induction under water stress conditions (Burrows et al., 1998) . However, no distinctive visible phenotype was observed by the authors in response to water stress (Burrows et al., 1998) . We also observed that in conditions where stomatal closure is pronounced, which occurred in response either to a severe limitation in water supply or to spraying with a high ABA concentration, there was no phenotypic difference. This can be explained by the fact that under such conditions net photosynthesis and growth are so strongly inhibited in both types of plants that the presence or absence of a functional NDH complex has no discernible effect. This is in line with the observations that water stress decreases photosynthetic assimilation of CO 2 by metabolic inhibition (Tezara et al., 1999) and that fully functional photosynthesis is required for the humidity dependence of CO 2 assimilation to be manifested (Stitt et al., 1991) . We conclude from our experiments that moderate inhibition of photosynthesis by CO 2 limitation can trigger a phenotypic difference between wild-type and ndh-inactivated plants.
Several processes are part of the photosynthetic controls that coordinate the synthesis of ATP and NADPH with their rate of use in carbon metabolism (Foyer et al., 1990; Heber and Walker, 1992) . Metabolic demands can often require that light-dependent ATP production be increased relative to NADP reduction. Inhibition of the linear electron flow can occur if there is an imbalance between the stoichiometry of ATP/NADPH production and consumption. A common feature of the NDH-inactivated tobacco plants is the disappearance of a dark transient increase in fluorescence after illumination (Burrows et al., 1998; Cournac et al., 1998; Kofer et al., 1998; Shikanai et al., 1998) . This phenomenon has been ascribed to a dark reduction of the PQ pool by stromal reductants (Groom et al., 1993) and has been considered to be an after-effect of a light-dependent process, i.e. cyclic electron transport around photosystem I (Burrows et al., 1998; Shikanai et al., 1998) . This auxiliary electron flow may modulate the ATP to NAD(P)H ratio by participating in the redox control of the PQ pool. However, different pathways of cyclic electron flow around photosystem I have been suggested to occur in chloroplasts, which are considered likely to involve the NDH complex or a ferredoxin:PQ oxidoreductase activity (Ravenel et al., 1994; Endo et al., 1997) . Also, the recovery of the postillumination fluorescence increase in NDHinactivated plants under certain stress or developmental conditions (Sazanov et al., 1998a; Shikanai et al., 1998) supports the existence of alternative pathways involved in non-photochemical PQ reduction. The absence of a phenotypic difference between wild-type and ndhB-inactivated plants when grown under normal conditions suggests that the alternative mechanisms can generate sufficient extra ATP. In contrast, under conditions where CO 2 availability decreases due to moderate stomatal closure, a differ-ential phenotype is observed. Under such conditions photorespiratory activity is increased due to competition between CO 2 and O 2 at the Rubisco catalytic site. It has been reported that the requirement for ATP is increased during photorespiration (Osmond, 1981) . Therefore, we propose that the alternative pathways involved in the production of extra ATP are not efficient enough to fulfill the higher ATP demand of active photosynthesis when photorespiration is operating at a high rate. This would explain why the phenotypic differences between wild-type and NDH-inactivated plants are observed only under conditions that result in moderate CO 2 limitation.
Field-grown plants typically experience extensive periods during which the evaporative demand exceeds the water supply. These conditions can occur in the absence of severe soil water deficiency, e.g. because of fluctuating water inputs from rainfall or irrigation in a dry atmosphere. Under such conditions, the sensitive response of stomata to humidity as the environmental evaporative demand changes provides an efficient means by which tissue water deficits can be avoided. As a consequence, photosynthetic tissues will be subjected to partial stomatal closure for extensive time periods. Under these conditions, in which photosynthesis is limited by CO 2 availability, extra ATP production through an NAD-(P)H:PQ oxidoreductase-dependent pathway may confer a selective advantage of sufficient magnitude to explain the conservation of plastid ndh genes during the course of evolution.
MATERIALS AND METHODS
Plasmid Construction
The pSSH1 plasmid (Kavanagh et al., 1999) contains a 7.8-kb HindIII fragment cloned from a black nightshade (Solanum nigrum) plastid double mutant (McCabe et al., 1989; Kavanagh et al., 1994) . The pSSH1 mutations confer spectinomycin and streptomycin insensitivity and are located in the rrn16 and the rps12(3Ј) genes, respectively. A 732-bp initial portion of the ndhB gene is located at one end of the cloned cpDNA insert. The nucleotide sequence of this region of ndhB is identical in both tobacco (Nicotiana tabacum) (Shinozaki et al., 1986 ; GenBank accession no. Z00044) and nightshade (Kavanagh et al., 1999; EMBL accession no. Y18934) . Oligonucleotide-directed mutagenesis of the ndhB gene was performed using the in vitro mutagenesis system (Altered Sites II, Promega, Madison, WI). The HindIII fragment from pSSH1 was cloned into the pAlter-1 vector and was mutagenized using the following mutagenic oligonucleotide: 5Ј-AATCTCTCCCCCGGGATGAACCATA-3Ј.
Plastid Transformation
Tobacco (N. tabacum L. cv Petit Havana) was maintained as shoot cultures on agar-solidified Murashige and Skoog medium (Murashige and Skoog, 1962) in the light (50 mol m Ϫ2 s Ϫ1 , 16-h day, 25°C). Polyethylene glycolmediated plastid transformation was performed as described (O'Neill et al., 1993) . The selective medium contained 1,000 mg L Ϫ1 spectinomycin dihydrochloride. Plants were regenerated from the resistant colonies, and leaf calli and seedlings were tested for their resistance as described (Cséplő , 1994; Medgyesy, 1994) . In the resistance tests spectinomycin dihydrochloride and streptomycin sulfate were used separately at 1,000 mg L Ϫ1 each.
Plastid DNA Analysis
Chloroplasts were isolated from aseptically grown plants according to Bookjans et al. (1984) . Lysis of chloroplasts, the purification of DNA, and the RFLP analysis followed standard protocols (Sambrook et al., 1989) . Nonradioactive Southern hybridization was performed using the DIG DNA Labeling and Detection Kit (Boehringer Mannheim, Mannheim, Germany). SmaI-digested plastid DNA separated by horizontal agarose slab-gel electrophoresis and visualized by ethidium bromide staining was denatured and bound to positively charged nylon membranes (Hybond Nϩ, Amersham, Arlington Heights, IL) according to standard protocols. The probe was a 483-bp NcoI-BsrGI fragment of tobacco plastid DNA, which covered the diagnostic SmaI site. The nucleotide sequence of oligonucleotide primers that were used for PCR analysis of plastid transformants together with their position in IR B within the tobacco plastid genome is as follows: 5Ј-ACGTCAGGAGTCCATTGATGA-3Ј (98, 515 ) and 5Ј-CGAAACAAACGAAAAGGAAAG-3Ј (99, 439) . Efficient amplification was achieved using approximately 20 ng of plastid DNA in a 20-L reaction using the PCR System of Fermentas (Vilnius, Lithuania) and the following cycle parameters: 94°C, 30 s; 55°C, 30 s; 72°C, 30 s; 25 cycles.
Preparation of Antibody against NDH-H
The tobacco ndhH gene that extends from nucleotide 123,672 to 124,910 (Shinozaki et al., 1986 ; GenBank accession no. Z00044) was PCR-amplified using Pfu polymerase (Stratagene, La Jolla, CA) and cloned by blunt-end ligation into the SmaI site of pGEX4-T3 (Pharmacia Biotech, Uppsala). The recombinant plasmid was transformed into the Escherichia coli strain DH5␣ (Gibco-BRL, Cergy Pontoise, France). The resulting clones were sequenced to ensure in-frame fusion of ndhH with the glutathione-S-transferase gene and to avoid clones that contained PCR-generated mutations. Overexpression of the GSTϪNDH-H fusion protein was induced with 50 m isopropylthio-␤-galactoside for 5 h at 37°C. Bacterial cultures were pelleted by centrifugation (2,000g, 10 min) and resuspended in a buffer containing 50 mm Tris-HCl (pH 8.0), 1 mm Na 2 -EDTA, and 100 mm NaCl. Fusion protein was extracted from inclusion bodies by standard procedure (Sambrook et al., 1989) and separated by SDS-PAGE. The relevant band was excised from the gel and the protein was electroeluted. Antiserum was raised against the fusion protein in rabbit (Bioenvirotech, Marseille, France).
Preparation of Thylakoid Membranes
Intact chloroplasts were isolated and purified from leaves using discontinuous Percoll (Pharmacia Biotech) gradients as described (Rumeau et al., 1996) . Chloroplasts were osmotically lysed in MNM solution containing 20 mm MES (2-[N-morpholino]-ethanesulfonic acid), pH 6.0, 15 mm NaCl, and 5 mm MgCl 2 , and centrifuged for 20 min at 35,000g. The supernatant fraction comprised stromal soluble proteins. Stromal and grana lamellae were separated following a stacking step carried out as described by Sazanov et al. (1998b) . Briefly, thylakoid membranes were allowed to stack for 1 h and then solubilized by adding n-dodecyl-␤-d-maltoside dropwise to 1% (w/v) with constant stirring. After incubation (30 min) insoluble material was removed by centrifugation at 1,000g for 2 min, and the different fractions were recovered by differential centrifugation. Grana thylakoids were recovered by centrifugation at 10,000g for 30 min and stroma thylakoids by centrifugation at 150,000g for 1 h.
PAGE and Immunodetection
Denaturing SDS-PAGE was performed as described by Laemmli (1970) 
O 2 Evolution Measurements in Plants Cultured in Vitro
Seedling-derived plants were grown in vitro as described . The leaf discs were collected from plantlets grown under 60 mol m Ϫ2 s Ϫ1 photon flux density (PFD), illuminated by cool-white fluorescence tubes. The effect of light stress was analyzed by exposing the culture vessels to a PFD of approximately 700 mol m Ϫ2 s
Ϫ1
. The light was provided by low-voltage (12-V/50-W) multimirror halogen lamps (Precise, General Electric, Fairfield, CT). Three heat filters (Tempax, Schott, Cologne, Germany) and a water filter (10-cm height, 13°C) were placed between the culture vessel and the light source to minimize any temperature increase in the vessel. Light dependence curves of net oxygen evolution were measured at 25°C, approximately 2% (v/v) CO 2 (carbonate/bicarbonate buffer), with a leaf disc oxygen electrode (LD2, Hansatech, King's Lynn, UK) and a pulse-amplitude-modulation fluorometer (PAM, Walz, Effeltrich, Germany). The leaf discs were exposed to alternating light periods (7.5 min) and dark periods (5 min), and the PFD was raised at each light period up to 400 mol m Ϫ2 s Ϫ2 . Gross photosynthesis was calculated from the difference of O 2 evolution rate in the light and in the consecutive dark period.
Leaf Conductance Measurements in Soil-Grown Plants
CO 2 and H 2 O exchange of attached leaves of soil-grown plants under humidity transition was measured in an airtight chamber. Relative humidity (75% and 30%) was set by generating moist air using a portable dew point generator (LI-610, LI-COR, Lincoln, NE) at a flow rate of 2 mL s Ϫ1 . The moist air was drawn into a leaf clip (PLC model, Ppsystem, Hotchin, UK), equipped with leaf ventillation, thermistor air temperature measurement, and infrared sensor leaf temperature measurement. A gas mixer (SEMY Engineering, Montpellier, France) was used to generate gas mixture with a defined CO 2 and O 2 concentration. CO 2 and O 2 concentrations were measured using an infrared gas analyzer (LI-6262, LI-COR, Lincoln, NE) and an oxygen analyzer (OXOR 6N, Maihak, Hamburg, Germany). CO 2 and H 2 O exchange was measured by monitoring air humidity and CO 2 concentration changes in air between the inlet and outlet of the chamber. Standard calculations were used to determine stomatal conductance (Farquhar and Sharkey, 1982) .
Whole-Plant Photosynthesis and Growth Measurements
Three-week-old in vitro-grown seedlings were potted into soil and grown for an additional 2 weeks in a phytotron or a growth chamber before using a stress condition. The standard conditions in the phytotron were 16-h light (250-350 mol m Ϫ2 s Ϫ1 PFD, Osram HQI-T/DV lamps, 30°C-32°C), 8-h dark (22°C), 50% to 60% relative humidity. The plants were supplied six times a day by nutrient solution (one-halfdiluted Hoagland salts; Hoagland and Arnon, 1950) in an excess amount resulting in over-dipping from the soil. ABA treatment was performed by spraying 15 to 25 L of ABA solution (10 m) on the lower surface of all leaves of a plant every 2nd d. The computer-controlled C 2 3A system (Fabreguettes et al., 1994) consists of air-tight twin growth chambers suitable for comparative investigation of two sets of plants. The continuously adjusted and recorded parameters in the chambers (the standard values are indicated in brackets) were the following: CO 2 concentration (0.034%), O 2 concentration (16%), air humidity (60 relative %), evapotranspiration, temperature (day/night: 30°C/25°C). Illumination (16-h day) was provided by metal halogen lamps (Powerstar HQI-T/D, Osram, Munich), offering 250 and 350 mol m Ϫ2 s Ϫ1 PFD at the level of upper leaves of young and mature (non-flowering) plants, respectively. Water was supplied normally four times a day as nutrient solution (onehalf-diluted Hoagland salts; Hoagland and Arnon, 1950) in controlled amounts 20% to 50% more than the daily water loss by evapotranspiration. In the case of extended water stress by limited watering, after some days pure water was used to avoid salt accumulation. Humidity stress was achieved by specifying 30% and 40% relative humidity during day and night, respectively. The measurements of net photosynthesis and dark respiration were based on the quantitative balance of CO 2 injection and trapping, respectively, maintaining a constant CO 2 concentration (measured by an infrared gas analyzer) in the chambers (Fabreguettes et al., 1994) . Air humidity was measured using, in addition to the in-built humidity detector, a portable humidity detector (Hydrodig 2010, Tecnic Instruments, Marseilles, France) at the level of leaves. Evapotranspiration was measured by weighing the collected condensed water vapor. Six plants normally were grown in each chamber. The use of large growth chambers for whole-plant photosynthesis measurements does not easily allow statistical evaluation of individual plants, therefore the experiments were repeated to test their reproducibility.
